. The inner cent dyes are included in the pipette solution. These patch pipette is made of 0.9 mm borosilicate glass dyes stain the membrane of internal organelles during (World Precision Instruments), and is pulled and polseal formation and can then be visualized by videoished in the conventional way. The diameter of this inner enhanced or confocal imaging. The method can detect pipette tip is ‫4.0ف‬ m, and it has a long shaft. Its resischannels activated by inositol trisphosphate, as well tance with mammalian intracellular solution is ‫04ف‬ M⍀ as other types of intracellular membrane ion channel and with molluscan intracellular solution is ‫02-51ف‬ M⍀. activity, and should facilitate studies of internal mem-
Introduction
Shortly after pulling, the inner patch pipette is filled with intracellular solution and mounted in a standard Many important events in excitable cells are controlled by regulation of ion channel activity. Plasma membrane patch pipette holder with a side port for applying suction. The tip of the inner electrode is then inserted into ion channels determine specific patterns of electrical signaling and regulate intracellular events (Kaczmarek the shank of the outer electrode. This outer electrode contains a small amount of intracellular solution at its and Levitan, 1986) . The surface area of the plasma membrane, is, however, estimated to be only 2%-5% tip, and has an abbreviated shaft that is surrounded by two rubber O rings ( Figure 1A ). Heavy oil, such as Zeiss of the total membrane area of a cell (Alberts et al., 1994) . Nevertheless, compared to plasma membrane chanmicroscope oil, is placed at the back of the outer electrode and allowed to fill the space between the two nels, relatively little is known about the function and regulation of ion channels on intracellular membranes.
electrodes. The oil reduces stray electrode capacitance and allows the relative motion of the electrodes to proThe best-studied examples of intracellular ion channels are the inositol trisphosphate (IP 3 ) receptor and the ryaceed smoothly. The two electrodes are mounted on the headstage of the patch clamp amplifier, which is in turn nodine receptor (Ehrlich and Watras, 1988; Berridge, 1993; Putney, 1993; Ehrlich et al., 1994; Clapham, 1995;  mounted on a mechanical manipulator (Narishige). A second, hydraulic manipulator moves the outer elec- Gerasimenko et al., 1996) , which play pivotal roles in intracellular Ca 2ϩ signaling. Mitochondrial membrane trode independently by means of a stiff U-shaped copper wire surrounding the rubber O rings ( Figure 1A ). ion channels maintain electrochemical gradients that are essential to mitochondrial function and influence
The two electrodes are moved in unison toward the cell. While the electrodes are in the bath, the resistance peptide transport into mitochondria (Kinnally and Tedeschi, 1994) .
of the electrode combination is calculated. The tips of the electrodes are visualized using a low power objecDespite the necessity of intracellular ion channels for integrated cell function, it has been difficult to access tive, and the tip of the outer electrode is moved into a position just in front of that of the inner electrode, using and study them in intact cells with standard patch clamp techniques. Consequently, the electrophysiological inthe hydraulic manipulator. When the electrode tips are resting within ‫2ف‬ m of each other, the double electrode vestigation of intracellular ion channels has been confined to artificial lipid bilayers, or to preparations of isounit is manipulated past the plasma membrane of the cell and deep into the cytoplasm of the cell ( Figure 1C ). lated organelles. Since it is also essential to study channels in their normal regulatory environment, we At this point, an intracellular whole cell recording can be obtained ( Figure 1D , left part). Using the hydraulic we applied the technique repeatedly to the same cell. In one case, five separate penetrations resulted in three manipulator, the outer electrode is then rapidly withdrawn from the cell. Subsequent application of suction successful recordings from the same cell. During the formation of the second of these seals, we tested for the reduces the amplitude of evoked macroscopic currents and yields a giga-ohm seal on an internal membrane in presence of whole cell currents, and detected normal inward and outward currents, indicating that cell integ-‫%05ف‬ of attempts ( Figure 1D ). Single channel recordings can be made using the organelle-attached rity had been preserved thoughout the first recording. Figure 2 shows examples of channel activity recorded configuration, or the patch can be excised either into the cytoplasm of the cell or into the cell-free environment in situ in two of the four cell types. A channel recorded from a bag cell neuron is shown in Figure 2A . Unlike of the bath. Recordings can be obtained with the same rate of success as when using standard on-cell patch typical channels encountered in cell-attached patches on the plasma membrane of bag cell neurons, this intraclamp techniques. Moreover, the additional equipment needed for patch clamping on internal membranes is cellular membrane channel has a low single channel opening probability of Ͻ0.015 at all voltages. The conrelatively inexpensive, and can be assembled in a few hours. ductance of this channel is 100 pS over the range of Ϫ100 mV to 100 mV, and the reversal potential relative to the bath solution is Ϫ60 mV. The second panel of
Intracellular Membrane Recordings
We have used the technique described above to rethe figure shows a channel recorded from an internal membrane of a CHO cell. These cells have few plasma cord successfully from over 120 intracellular membrane patches in four different cell types: the bag cell neurons membrane channels, and have therefore been used widely to express cloned, heterologous ion channels of Aplysia, the giant presynaptic terminal of the squid, Chinese hamster ovary (CHO) cells, and rat microglia (e.g., Hahn et al., 1996) . An important difference between cells such as CHO cells or rat microglia and the bag cell Figure 5B . The channel in (B) was recorded in a CHO cell using a K ϩ aspartate-containing intracellular solution. Data for the histogram was obtained at Ϫ20 mV.
Intracellular membrane recordings, nevertheless, can in 58% of patches exposed to IP3, it was not detected in patches not exposed to IP3, nor in patches exposed readily be made from these smaller cells. We have recorded from over 25 patches of internal membrane in to IP 3 and heparin, a known blocker of IP 3 -dependent Ca 2ϩ release in the bag cell neurons (Jonas et al., 1997; CHO cells. The open probability of the internal membrane channel shown in Figure 2B is low (Ͻ0.06). The Figure 3C ). Although heparin blocks the IP 3 receptor channel, it conductance of this channel is 20 pS, and the reversal potential in the organelle-attached configuration is ϩ30 has been reported to activate the ryanodine receptor in lipid bilayers (Bezprozvanny et al., 1993) . In four of mV.
We have also recorded channels from bag cell neueleven experiments with 50-120 M heparin in the pipette, we detected a channel with a conductance of rons in the presence of IP 3 , a ligand known to gate one endoplasmic reticulum Ca 2ϩ release channel in these ‫14ف‬ pS over the range of Ϫ20 mV to ϩ100 mV ( Figure  4 ). The reversal potential of this channel was Ϫ10 mV, cells (Fink et al., 1988) . The biophysical properties of this channel in bag cell neurons are not known, but in and the channel had longer open times than the putative IP3-gated channel described above. Although we did nuclear preparations of Xenopus oocytes and in lipid bilayers, the channel has multiple conductance states not detect this channel in patches exposed to IP3 alone, a channel of similar conductance, but with a greatly Mak and Foskett, 1994) , and in lipid bilayers, the canine IP 3 channel shows a bell-shaped reduced open probability was seen in two of the six control patches, not exposed to IP 3 or heparin, that were sensitivity to Ca 2ϩ with the peak open probability found at a Ca 2ϩ concentration of 0.3 M (Bezprozvanny et al., analyzed for this study. 1991). We therefore carried out internal membrane patch recordings with 10-50 M IP 3 and 0.3 M Ca 2ϩ in the Imaging of the Intracellular Membranes Sealed to the Pipette Tip patch pipette. Under these conditions, we observed a characteristic pattern of channel activity in over half
To visualize the intracellular location of the patch pipette during recordings, lipophilic fluorescent dyes such as of the internal membrane patches in bag cell neurons ( Figure 3A) . At least three sizes of channel openings DiOC6 and BODIPY-ceramide (Honig and Hume, 1989; Pagano et al., 1989) were included in the internal patch could be observed and are shown in Figure 3A at a potential of ϩ100 mV. The mean conductance of the pipette solution. The cells were imaged during and after recording with video-enhanced or confocal fluoreslargest openings, calculated with a linear fit over the voltage range of Ϫ160 mV to ϩ180 mV, was ‫22ف‬ pS cence microscopy. In some experiments, only a discrete point of fluorescence corresponding to the tip of the (n ϭ 10; Figure 3B ). The conductance of the second largest openings over the same voltage range was ‫31ف‬ pipette was detected. In other cells, however, some staining of membranes surrounding the pipette tip was pS, and that of the smallest was ‫8ف‬ pS. The reversal potential of this channel activity using standard intracelalso observed. Figure 5A shows the fluorescence of a cell penetrated by a patch pipette containing DiOC 6 . The lular solution containing IP 3 was Ϫ30 mV. Although this characteristic pattern of channel activity was observed tip of the pipette is located close to the presumed Golgi apparatus, and some staining of the nuclear membrane that organelle-attached patch recordings on internal membranes are topologically equivalent to the outsideis also seen. The cell images depicted in Figure 5B are of the bag cell neuron whose recording is shown in out patch configuration. That is, conventional delayed rectifier K ϩ channels on internal membranes would yield Figure 2A . Serial confocal images of the fluorescent dye BODIPY-ceramide revealed a membrane deep within outward currents at positive potentials, as in whole cell recordings. In internal membrane patches from bag cell the cell soma. The first two sections, where the tip fluorescence is most evident, show that the labeled memneurons or the squid giant presynaptic terminal, we have not generally encountered voltage-dependent delayed brane is in the same plane as the neurites, near the surface of the culture dish, and away from the site of rectifiers or A currents that are commonly seen in plasma membrane-attached patches. electrode entry (see Figure 1C) .
The internal ionic environment of the organelles encountered by the patch pipette is unknown. Full characDiscussion terizaton of the ion selectivity of the channels encountered on these membranes, therefore, requires excision We have presented a simple technique for positioning a clean patch pipette into the interior of a cell. Several of the patch for conventional ion substitution experiments. If we assume, however, that the intraorganellar pieces of evidence support our assertion that ion channel activity recorded with this technique resides on intraionic environment is similar to that of the extracellular medium, we can use the measured reversal potentials cellular membranes. First, whole cell currents could be recorded prior to seal formation. Second, we detected to estimate the ion selectivity of the observed channels. For example, the bag cell neuron channel illustrated in channel activity that was induced by the presence of IP 3 in the pipette and was blocked by heparin. Third, Figure 2A has a reversal potential of Ϫ60 mV, suggesting that its conductance may be dominated by K ϩ ions. direct visualization of fluorescent membranes contacted by the pipette localized these membranes to the cell
The channel activity that we have recorded in bag cell neurons with IP 3 in the patch pipette resembles that of interior.
In our presentation, we have adopted the convention IP 3 -gated channels detected in cell-free preparations The current-voltage relationship shows data from one patch. Mak and Foskett, 1994) . In particuabout the single channel characteristics and ion selectivity of the channels. Perhaps the largest array of chanlar, the activity of the channel is induced by the presence nels described is in mitochondrial membranes. Examof IP 3 , is blocked by heparin, and has multiple conducples include the voltage-dependent anion channel of the tance states. The conductance of the channel that we outer mitochondrial membrane, a cation channel of the have recorded is lower than that observed in nuclear outer mitochondrial membrane, and the multiple conpreparations or in lipid bilayers, although this may be ductance channel seen in inner mitochondrial memrelated to the different ionic conditions used in those branes. Recordings of mitochondrial channels have experiments.
been performed on isolated and osmotically treated miThe likely candidate membranes under the patch pitochondria. These channels have very large conducpette include those of nucleus, rough and smooth endotances of 0.5-3.0 nS, and are believed to be involved in plasmic reticulum, Golgi apparatus, mitochondria, and anion balance of H ϩ transport across the mitochondrial certain large peptidergic granules. Imaging with fluoresmembrane and possibly in peptide transport (Fevre et cent dyes that label intracellular membranes has been al. Lohret and Kinnally, 1995; Zizi et al., 1995) . Endohelpful in identifying the location of the patch pipette plasmic reticulum channels have been recorded from within the cell, but does not yet yield information about isolated endoplasmic reticulum vesicles that were fused the specific membrane under the pipette. Fluorescent to form giant vesicles by a dehydration-rehydration BODIPY dyes such as BODIPY Br 2 ceramide may be technique. These vesicles failed to show the IP 3 -recepuseful in the further characterization of these membranes, tor channel, but contained an IP 3 -insensitive, voltagebecause they can be used to photoconvert diaminobendependent channel that was relatively Ca 2ϩ selective zidine to produce an electron dense precipitate at the (Schmid et al., 1990) . A K ϩ selective channel has been pipette tip (Pagano et al., 1989) . More specific dyes and observed in isolated nuclei (Mazzanti et al., 1990) . Two antibodies to intracellular organelle membranes may channel types have been reported in isolated, fused also prove useful in correlating certain membranes with synaptic vesicles membranes (Yakir and Rahamimoff, their signature composition of ion channel types. 1995). These channels have been proposed to stabilize Previous workers have been able to obtain recordings the resting potential of the vesicle membrane during transfrom the nuclear membrane of intact oocytes by forcing mitter loading, and to constitute part of the fusion pore. the electrode quickly through the plasma membrane and
The variety of channel activity seen thus far in memimmediately forming a seal on the nuclear membrane branes of intracellular organelles suggests that these (Stehno-Bittel et al., 1995) . As stated above, the nucleus channels serve key regulatory functions in cells. The is a possible target for our technique. In experiments in ability to record internal membrane ion channels in intact bag cell neurons, however, the nucleus is clearly visible, cells will provide new insights into how the activity of and the pipette can be positioned in areas of the cell this class of ion channels is normally regulated in vivo. away from the nucleus. Because some of the organelles in these other areas (such as endoplasmic reticulum) Experimental Procedures may be labile or filamentous, reorganization of the structure of such organelles may occur in response to the Cell Culture Isolated bag cell neurons were maintained in primary culture as negative pressure used in giga-ohm seal formation. described previously (Jonas et al., 1996) , on poly-D-lysine-coated Previous recordings of intracellular ion channel activglass coverslips in 35 mm culture dishes containing artificial seawaity other than the nuclear recordings described above ter (460 mM NaCl, 10.4 mM KCl, 11 mM CaCl 2 , 55 mM MgCl 2 , 10 have been limited to isolated organelle preparations or mM Tris-HCl, 1 mg/ml glucose, and 500 U/ml penicillin and streptoto expression of channels in lipid bilayers (Keller and mycin, at pH 7.8). Neurons were stored at 15ЊC and used in experiments within 2 days of plating.
Hedrich, 1992). These techniques have led to findings Chinese hamster ovary cells were maintained in Iscove's modified also contained 50-120 M heparin in addition to IP3. The intracellular solution for intracellular membrane recordings in CHO cells conDulbecco's medium (GIBCO) containing 10% fetal bovine serum, 0.1 mM hypoxanthine, and 0.01 thymidine. The cells were grown to tained 120 mM K ϩ aspartate, 5 mM MgSO4, 10 mM EGTA, 40 mM HEPES, and 2 mM ATP. In both cell types, the intracellular solution 50%-80% confluence, then treated with trypsin and seeded into 35 mm dishes 1 day before use (Hahn et al., 1996) . in the outer electrode did not contain ATP, Ca 2ϩ , or IP3. For recordings with imaging, dyes were included in the pipette solution (see below).
Electrophysiological Recordings
Glass microelectrodes were made as described in the text with a Single channel recordings were made with a LIST EPC-7 amplifier and stored and analyzed using PCLAMP (Axon Instruments). ExperiSutter Instruments P-87 puller (Novato, CA). The intracellular solution for intracellular membrane recordings in bag cell neurons conments were typically performed using a holding potential of 0 mV. The patches were typically given a series of hyperpolarizing then tained 480 mM KCl, 11 mM MgCl 2, 10 mM HEPES, 70 M EGTA, and 2 mM ATP at pH 7.3. For recordings with IP 3, the solution also depolarizing steps from Ϫ160 mV to ϩ180 mV in 20 mV increments lasting 1 s. For the recording shown in Figure 3 , the holding potential contained 46 m Ca 2ϩ for a final free Ca 2ϩ concentration of 0.3 M, and 10-50 M IP 3. For recordings with heparin, the pipette solution was kept at ϩ100 mV while several consecutive traces were saved.
